Multidrug-resistant (MDR) tuberculosis, defined as resistance to at least isoniazid and rifampin, is an urgent, global public health crisis that threatens the gains in tuberculosis and human immunodeficiency virus (HIV) control achieved over the past 2 decades [1] . The World Health Organization estimates that there were 480 000 MDR tuberculosis cases globally in 2015, with an average treatment success rate of only 54% [1, 2] . Treatment for MDR tuberculosis involves second-line medications, which are less effective and more toxic than first-line tuberculosis medications, requiring treatment for up to 24 months [3] . As many as 20% of patients discontinue treatment before they achieve cure due to the therapy's adverse effects, long duration, and complex regimen, which includes a daily intramuscular injection for the first 6-8 months [4] .
The consequences of tuberculosis drug resistance are most profound in HIV-coinfected patients, in whom previous studies have found dramatically higher mortality rates (pooled mean mortality, 38%; 95% confidence interval [CI], 28-48) [5] [6] [7] [8] . Many of these studies, however, predated the widespread availability of antiretroviral therapy (ART) and thus reflect MDR tuberculosis outcomes in untreated HIV [5] [6] [7] . Later studies that included ART did not systematically evaluate any bias that those who were not prescribed ART, such as those with severe concurrent illness or imminent death, may have introduced [9, 10] . Several additional small or retrospective studies suggest that survival is associated with the degree of immunosuppression and that ART use is protective [9, 11, 12] . Conversely, there has been concern that coadministration of ART with the complex MDR tuberculosis regimen would lead to additive or possibly synergistic side effects that would threaten adherence to both regimens and result in poor MDR tuberculosis outcomes, HIV virologic failure, or both. Although MDR tuberculosis treatment regimens are commonly associated with many side effects [13, 14] , few studies have examined the safety of concurrent ART and MDR tuberculosis treatment. With the widespread availability and recommendation of ART for all patients with HIV [15] , prospective data are needed to determine whether MDR tuberculosis patients with HIV who are treated with ART have outcomes that are similar to those experienced by patients with MDR tuberculosis alone.
M A J O R A R T I C L E
South Africa has the highest number of HIV-infected persons and among the highest incidence of drug-resistant tuberculosis worldwide [1] . Until recently, the HIV and drug-resistant tuberculosis epidemics have affected geographically disparate regions, with HIV concentrated in sub-Saharan Africa and drug-resistant tuberculosis in Eastern Europe. However, these epidemics are now converging, with HIV prevalence rising in Eastern Europe and tuberculosis drug resistance increasing in sub-Saharan Africa [16] [17] [18] . As the number of drug-resistant tuberculosis-HIV-coinfected patients rises, it is critically important to examine concurrent treatment strategies for coinfected individuals, given their high mortality rate. In this context, we conducted a prospective, observational study of patients who initiated MDR tuberculosis therapy in KwaZuluNatal province, South Africa, where more than 70% of all tuberculosis cases are HIV infected. The objective was to compare survival, tuberculosis, and HIV treatment outcomes in MDR tuberculosis patients coinfected with HIV and receiving concurrent ART to the outcomes experienced by patients who were HIV uninfected.
METHODS

Setting
The Survival and HIV OUTcomes in MDR-TB (SHOUT MDR-TB) study was conducted between 2011 and 2015 at 3 drug-resistant tuberculosis referral hospitals in KwaZulu-Natal province, which serve urban, suburban, and rural communities. KwaZulu-Natal is South Africa's second-largest province and accounts for nearly one-third of the country's drug-resistant tuberculosis cases [19] . It also has the highest tuberculosis incidence (1076 per 100 000 population) and HIV prevalence (16.9%) nationwide [20, 21] .
During the study period, patients were diagnosed with MDR tuberculosis based on a positive culture (Mycobacterial Growth Indicator Tube, Bactec 960) and phenotypic drug-susceptibility testing (DST; 1% proportion method on Middlebrook 7H10 solid agar) to isoniazid (1 mg/L), rifampin (2 mg/L), kanamycin (16 mg/L), and ofloxacin (2 mg/L). MDR tuberculosis patients were referred to dedicated drug-resistant tuberculosis treatment centers and treated with a standardized regimen that consisted of kanamycin (15 mg/kg, maximum 1 g daily), moxifloxacin (400 mg daily), ethionamide (15-20 mg/kg, maximum 750 mg daily), terizidone (15-20 mg/ kg, maximum 750 mg daily), ethambutol (15-20 mg/kg, maximum 1200 mg daily), and pyrazinamide (20-30 mg/kg, maximum 1600 mg daily). Kanamycin was given intramuscularly for at least 6 months or 4 months after culture conversion, whichever was longer. Oral medications were continued without kanamycin for an additional 12-18 months. All HIVcoinfected MDR tuberculosis patients were offered ART irrespective of their CD4 count. The first-line ART regimen included efavirenz, stavudine, and lamivudine when the study began; however, national guidelines transitioned from stavudine to tenofovir in 2013.
Study Population and Procedures
We recruited patients with culture-confirmed MDR tuberculosis who were initiating treatment between May 2011 and December 2013. Potential participants were eligible if they were aged ≥18 years and had resistance to both rifampin and isoniazid by DST. Participants were excluded if they had previous MDR tuberculosis treatment, resistance to fluoroquinolones or second-line injectable agents, or abnormal baseline creatinine (>2 times the upper limit of normal [ULN]) or alanine aminotransferase (>5 times ULN) levels. Women were excluded if pregnant because management of MDR tuberculosis requires the use of alternate regimens in pregnancy.
Participants were followed monthly during MDR tuberculosis treatment and quarterly for 1 year following successful treatment completion. Each month, participants were interviewed regarding symptoms, adverse events, and medication adherence. Sputum samples were sent monthly for fluorescent microscopy, culture, and DST. Full blood count, chemistries, and liver function tests were performed monthly. CD4 count and HIV viral load were measured every 3 months; thyroid stimulating hormone and total T4 were measured every 6 months. Pure tone audiometry was performed monthly while receiving an injectable medication and again at month 12. Color vision testing was performed at baseline and months 2, 4, 6, 9, 12, and 24.
Outcome Measures and Analyses
The primary outcome was survival, measured in days from study enrollment. Secondary outcomes included MDR tuberculosis treatment outcome and time to tuberculosis culture conversion; change in CD4 count; viral suppression, virologic failure, and resistance; incidence of adverse events; and medication adherence. MDR tuberculosis treatment outcome was defined according to Laserson et al [22] , in which cure requires 5 or more negative cultures in the last 12 months of treatment. Time to culture conversion was calculated to the first of 2 consecutive negative cultures taken at least 1 month apart. Participants were considered to have developed additional resistance if 1 or more follow-up DSTs demonstrated new resistance to either fluoroquinolones or injectable medications. Change in CD4 count was assessed at 6, 12, 18, and 24 months. Virologic suppression was defined as a viral load <150 copies/ mL (the highest lower limit of detection among the assays used during the study period). Virologic failure was defined as failure to achieve viral suppression within 6 months of initiating ART or 2 or more viral loads >1000 copies/mL after achieving viral suppression. Participants with virologic failure underwent HIV genotypic resistance testing.
Adverse event severity was graded using the National Institutes of Health Division of AIDS Toxicity table [23] . Medication adherence was assessed each month using the following 3 measures: 3-day recall standardized questionnaire, 30-day recall questionnaire, and visual analog scale [24] . Adherence results were combined into a composite value, whereby any reports of adherence <100% were deemed "nonadherent. "
Participant characteristics were compared using simple frequencies, χ 2 , and Wilcoxon rank sum tests. Survival analysis was performed using Kaplan-Meier survival curves and logrank tests. Baseline risk factors for mortality were analyzed using multivariate Cox proportional hazards models. We fit Cox models with CD4 modeled as baseline covariate, as well as time-dependent covariate, to account for changes in CD4 count throughout the study period.
Ethics
The institutional review boards at the University of KwaZuluNatal, Albert Einstein College of Medicine, and Emory University and the KwaZulu-Natal Department of Health and the Centers for Disease Control and Prevention approved the study. All participants signed written informed consent forms.
RESULTS
We screened 403 patients with confirmed MDR tuberculosis. Of these, 206 patients were eligible for enrollment ( Figure 1 ). Of these enrolled participants, 150 were HIV infected and 56
were HIV uninfected ( Table 1 ). The median age was 33 years (interquartile range [IQR], 26-41), and 131 (64%) participants were female; 133 (65%) participants had previously had tuberculosis. HIV-infected participants were more commonly female (70% vs 46%, P = .02) and older (median 34 vs 27 years), although the latter was not statistically significant (P = .91). Among HIV-infected participants, the median CD4 count at enrollment was 215 cells/mm 3 (IQR, 114-378) and 60% (52/86) of those who were tested at baseline had an undetectable viral load. One hundred and twenty one (81%) HIVinfected participants were already receiving ART (median duration of 9 months; IQR, 3-30).
Survival
Participants were followed for a median of 32 months (IQR, 22-37; 444 person-years). Overall, survival was favorable in both groups, although there was a greater proportion of individuals in the HIV-infected group who died. A total of 24 (12%) participants died during MDR tuberculosis treatment or in the 1 year following cure (21 [14%] HIV infected and 3
[5%] HIV uninfected). Among those who died, the median survival time was 281 days (IQR, 99-618) and did not differ significantly by HIV status (P = .12, Figure 2A ). Further analysis, however, revealed that participants with a baseline CD4 count ≤100 cells/mm 3 had significantly worse survival (67%, P = .005) and accounted for the difference in survival between HIV-infected and HIV-uninfected participants ( Figure 2B ). Participants with CD4 counts of 101-200 and >200 cells/mm 3 had survival similar to those who were HIV uninfected (P = .34 and P = .85, respectively). Gender, age, cavitation or bilateral disease on baseline chest radiograph, smear status, and smoking were not associated with survival (Supplementary Table S1 ). In multivariable analysis, a baseline CD4 count of ≤100 cells/ mm 3 was the only factor significantly associated with death (hazards ratio [HR], 6.1; 95% CI, 1.7-22.9). When we examined CD4 count as a time-varying covariate (Supplementary Table S2 and Figure 2 . Kaplan-Meier survival curves. A, Comparing by human immunodeficiency virus (HIV) status. Although HIV-infected individuals had a lower survival rate (84% vs 94% at 3 year follow-up), the difference was not statistically significant (log-rank P = .12). B, Comparing HIV-infected participants in different baseline CD4 strata with HIVuninfected participants. Individuals with a baseline CD4 count ≤100 cells/mm 3 had substantially lower survival (67%) at 3 year follow-up (P = .005). HIV-infected participants with baseline CD4 counts 101-200 and >200 cells/mm 3 had survival similar to HIV-uninfected multidrug-resistant tuberculosis participants (log-rank P = .34 and P = .85, respectively). 
MDR Tuberculosis Treatment Outcomes
Among the 206 enrolled participants, 184 (89%) achieved sputum culture conversion; 62 (30%) converted to negative on first-line treatment before MDR tuberculosis treatment initiation. The median time to conversion in the remaining 122 participants was 62 days (IQR, 51-108). There was no difference in the proportion of individuals who achieved culture conversion or in the time to conversion based on HIV status, death, or baseline CD4 count ≤100 cells/mm 3 (data not shown). Fifteen Table 2 ). Treatment failed in 6 (3%) participants, 23 (12%) interrupted treatment prematurely, and 22 (12%) died while on treatment. Treatment outcomes did not differ between HIV-infected and HIV-uninfected participants (P = .50, Table 2 ), aside from the difference in survival noted previously. Two participants died in the 1 year after completing MDR tuberculosis treatment, having been deemed cured. One of these participants had a negative sputum culture prior to death, but the details of the second patient were not available. Eight (4%) participants developed additional tuberculosis resistance during the course of treatment, of whom 5 had new resistance to a fluoroquinolone, 2 with resistance to kanamycin, and 1 with resistance to both (ie, extensively drug-resistant tuberculosis).
HIV Outcomes
All HIV-infected participants were offered ART; 121 (81%) participants were already receiving ART at enrollment, 23 (15%) started after enrollment, and 6 (4%) did not start ART while in study follow-up (1 died, 1 withdrew, 1 refused, and 3 were lost to follow-up before initiating ART). Median time to initiation among those who started ART after enrollment was 28 days (IQR, 
Adverse Events and Adherence
Overall, adverse events were common but mild, with 187 (91%) participants experiencing a laboratory-, hearing-, or vision-related adverse event ( Figure 3 ). Of these, 36%, 8%, and 8% experienced a severe adverse event (SAE), respectively. However, the majority of laboratory SAEs were transient and resolved spontaneously. Importantly, HIV-infected participants were no more likely to experience SAEs than those who were HIV uninfected ( Figure 3 ). Participants reported a high degree of medication adherence (81% fully adherent to both tuberculosis and HIV medications). Despite the substantially higher pill burden, adherence among HIV-infected participants was not significantly different from adherence for those who were HIV uninfected (81% vs 82% fully adherent, P = .84).
DISCUSSION
In this study, we examined whether MDR tuberculosis-HIV coinfected patients receiving ART could achieve survival and treatment outcomes that were comparable to those achieved by patients with MDR tuberculosis alone. While we found that concurrently treated patients had high survival and MDR tuberculosis cure rates, the notable exception was individuals whose CD4 counts remained persistently <100 cells/mm 3 despite receiving ART; these participants remained at a substantially higher risk of death throughout follow-up. We also found that concurrent MDR tuberculosis and ART treatment was well tolerated, with no significant differences in frequency of adverse events or medication adherence, despite the potential for additive toxicity and the additional pill burden. These results provide critical, prospective evidence to support the recommendation to treat HIV in the context of MDR tuberculosis coinfection. While several randomized clinical trials have shown that early initiation of ART with drug-susceptible tuberculosis is associated with improved survival [25] [26] [27] , there are no comparable data for treatment of MDR tuberculosis and HIV coinfection. Multiple retrospective studies have shown a strong association between mortality and HIV in patients with MDR tuberculosis [2, 8] , and some have specifically found higher mortality in those with a baseline CD4 count <100 cells/mm 3 [28, 29] . Many of the earlier studies, however, predated the availability of ART and analyzed only baseline CD4 count as a static variable. To our knowledge, no study has examined the effect of improvements in CD4 count over time while receiving ART. Our data provide compelling evidence that successful outcomes are possible in patients with MDR tuberculosis and HIV coinfection and that ART should be initiated promptly. HIVinfected patients who received ART had high MDR tuberculosis cure rates and substantially better survival compared to patients in the pre-ART era [2, 7, 30] . Further analysis by CD4 count showed that participants with a baseline CD4 count ≤100 cells/ mm 3 had a higher risk of mortality, mirroring the results of a recent retrospective study [31] , while those with a baseline CD4 count >100 cells/mm 3 had a hazard of death that was similar to that for participants who were HIV uninfected. Our time-varying analysis of CD4 count, however, provided further insights. Although a baseline CD4 count ≤100 cells/mm 3 was associated with mortality, the risk was limited to those whose CD4 count did not improve while on therapy, often because of virologic failure. Individuals who began with a CD4 count ≤100 cells/mm 3 but whose CD4 count rose above 100 cells/mm 3 did not carry an increased hazard of death when compared to HIV-uninfected participants. This finding should serve as an impetus for drug-resistant tuberculosis programs to ensure fully integrated care of HIV, aggressive initiation of ART, and monitoring to detect virologic failure. The goal of such programs must be to achieve immunologic recovery as soon as possible and to maintain virologic suppression throughout tuberculosis treatment and beyond. Both MDR tuberculosis and HIV outcomes in our study were quite favorable. We attribute this to our excellent study retention, high medication adherence, and, most importantly, the treatment of HIV. HIV-infected participants in our study had a consistent rise in CD4 count throughout the study, even though a majority of them had already been on ART at the time of MDR tuberculosis treatment initiation. Although the proportion of participants had end-of-treatment viral suppression that was lower than the international target of 90% [32] , we are reassured that despite the complexity and toxicity of MDR tuberculosis treatment, as well as the added pill burden, HIV medication adherence and control of HIV were not dramatically compromised.
Our study also confirms the safety of concurrent ART and MDR tuberculosis treatment. Despite initial concerns about additive or synergistic side effects, we found no significant differences in laboratory adverse events between patients with and without HIV coinfection. These results confirm findings from our earlier cohort [33] that although adverse events are common, they are generally mild, with no significant differences in SAEs between HIV-infected and HIV-uninfected patients. The absence of serious nephrotoxicity is particularly notable, given that nearly all of our HIV-infected participants received concurrent tenofovir (disoproxil fumarate) and kanamycin.
This study has a number of limitations. First, patients who were started on MDR tuberculosis treatment at the specialty centers have an inherent survival bias, having had to survive long enough to be diagnosed and referred. Such patients may thus have better survival overall. Nevertheless, the participants in our study are a representative sample of the patients who present to the MDR tuberculosis program for care, and our data provide evidence of how they should be managed. Second, because participants were seen for study visits at their routine clinic visits and often traveled great distances (>100 km), they were sometimes unable to complete all screening procedures such as blood draws and audiometry testing, resulting in missing data. Third, reliable assessment of immune reconstitution inflammatory syndrome (IRIS) is challenging as there is no diagnostic test or pathognomonic finding. We created a structured screening tool to assist clinic physicians in identifying cases of IRIS. In an interim review, however, we found that many possible cases of IRIS had been missed. We therefore felt that our data were incomplete and may not be informative. Although the ideal timing of ART initiation in HIV-infected patients with MDR tuberculosis is not known, most of our HIV-infected participants were already on ART at the time of study enrollment and would thus not have been at risk of paradoxical IRIS. Fourth, our medication adherence measures were all self-reported and may have underestimated nonadherence. Finally, although a study investigator reviewed the medical records of all participants who died, the records, themselves were often incomplete or lacked sufficient detail to determine a cause of death in most cases. Our analysis, however, uses death from any cause and is thus the most conservative estimate.
MDR tuberculosis remains a dire threat to public health worldwide, and treatment options remain suboptimal. With the MDR tuberculosis and HIV epidemics converging, treatment of coinfected patients will increasingly pose a unique treatment dilemma for providers in sub-Saharan Africa. Until now, the decision to treat both MDR tuberculosis and HIV concurrently has been based on expert opinion and retrospective studies. Our study is the first prospective demonstration that HIV-infected patients who receive concurrent ART can achieve comparable survival, MDR tuberculosis cure rates, and HIV outcomes as HIV-uninfected MDR tuberculosis patients.
